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Statement  of  the  Problems  Studied 


This  project  involved  a  general  theoretical  study  of  the  propenies  of  magnetic  multilayer  systems. 
Four  major  areas  can  be  identified: 

1)  Gigantic  magnetoresistance  in  magnetic  multilayered  systems 

2)  Properties  of  ultra-thin  (few  atomic  layers)  magnetic  films 

3)  Electromagnetic  properties  of  magnetic  and  semiconductor  multilayers  in  the  infra-red. 

4)  Tailoring  the  magnetic  properties  of  magnetic  multilayers 

Below  we  discuss  each  of  the  four  areas  in  more  detail. 

Gigantic  magnetoresistance  in  magnetic  multilayered  systems 

In  1989  it  was  discovered  that  in  Fe/Cr  multilayer  structures  a  surprising  effect  occurs.  In 
sandwich  structures  of  100  A  Fe/  10  A  Cr  /  100  A  Fe  a  change  in  resistivity  with  field  of  up  to  3% 
was  observed.  In  Fe/Cr  multilayer  structures  an  astonishing  magnetoresistivity 
effect  of  up  to  50%  was  measured  at  low  temperatures.  These  numbers  should  be 
compared  with  a  magnetoresistivity  effect  of  about  .2%  for  thin  Fe  films.  In  the  Fe/Cr  multilayers, 
there  is  an  effective  antiferromagnetic  coupling  of  the  Fe  films  due  to  the  intervening  Cr  films.  As 
a  result,  the  magnetic  moments  of  neighboring  Fe  films  are  antiparallel  to  each  other  in  zero  field, 
but  may  be  forced  to  lie  parallel  in  a  strong  field.  The  resistance  of  the  multilayer  is  largest  when 
the  magnetic  moments  in  neighboring  Fe  films  are  antiparallel  and  smallest  when  they  are  parallel. 
Since  the  earliest  reports  a  lot  of  experimental  work  has  been  carried  out  and  other  systems  with  a 
magnetoresistivity  effect  up  to  60%  even  at  room  temperature  have  now  been  discovered.  This 
effect  has  significant  potential  for  use  as  sensors  and  in  magnetic  memories.  In  this  ponion  of  the 
work  we  developed  a  theoretical  basis  by  which  this  new  effect  could  be  understood. 

Properties  of  ultra-thin  (few  atomic  layers)  magnetic  films 

A  number  of  basic  issues  were  studied  for  ultra-thin  films.  For  example,  the  origin  of  long  range 
magnetic  order  in  ultra-thin  films  was  explored.  A  monolayer  of  spins  coupled  by  Heisenberg 
exchange  interactions  only  should  never  exhibit  long  range  order  at  finite  temperatures  according  to 
fundamental  principles  of  statistical  mechanics.  Yet  experimentally  monolayers  of  magnetic  ions 
on  metallic  substrates  are  found  to  order,  even  at  room  temperature.  A  second  issue  is  the  nature 
of  the  ground  state  and  spin  excitations  (spin  waves)  in  ultra-thin  films.  If  we  consider  a 
monolayer,  with  easy  axis  anisotropy  normal  to  the  surface,  then  in  the  ordered  state  the 
magnetization  is  normal  to  the  surface.  As  layers  are  added  (say  by  4  -  5  layers)  the  magnetization 
has  rotated  to  be  parallel  to  the  surface  as  a  consequence  of  a  competition  between  anisotropy  and 
dipolar  interactions.  Such  behavior  is  know  in  thin  films  of  Co  for  example.  There  is  the 
possibility  the  t  at  intemtediate  thicknesses,  the  magnetization  is  canted. 


Electromagnetic  properties  of  magnetic  and  semiconductor  multilayers  in  the 
infra-red. 

The  spin  wave  excitations  in  antiferromagnets  and  plasma  excitations  in  doped  semiconductors 
have  frequencies  which  places  them  in  the  infra-red  range.  In  addition,  magnetic  systems  (or 
magnetically  controlled  systems)  have  properties  which  make  them  particularly  interesting  for 
signal  processing.  First,  since  the  ftcq-’.ency  of  the  spin  wave  is  generally  dependent  on  the 
applied  field,  the  response  may  be  tuned  by  an  external  field.  Second,  magnetic  excitations  are 
often  nonreciprocal  and  as  such  may  be  used  in  isolators  and  gyrators.  In  this  portion  of  the 
work  we  studied  infra-red  reflection  from  semi-infinite  antiferromagnets,  antiferromagnets  with 
rough  surfaces,  and  doped  semiconductor  superlattices  in  a  magnetic  field.  Particular  attention  was 
paid  to  nonreciprocal  features. 


Tailoring  the  magnetic  properties  of  magnetic  multilayers 

Macroscopic  properties  of  a  material  depend  on  the  underlying  microscopic  ground  state.  In 
magnetic  systems  the  fundamental  properties  of  interest  are  the  static  susceptibility,  the  dynamic 
susceptibility,  the  magnetization  as  a  function  of  temperature,  and  the  compensation  points  (if  any). 
All  these  material  properties  can  be  significantly  adjusted  by  changing  the  layering  pattern  of  a 
magnetic  multilayer.  In  this  portion  of  the  work  we  studied  systems  (Fe/Gd  and  Gd/Dy)  where 
significant  changes  in  the  macroscopic  properties  occur  due  to  a  small  applied  magnetic  field. 
Direct  contact  to  experimental  measurements  was  made  with  excellent  agreement  between  theory 
and  experiment. 


Summary  of  Most  Important  Results 


Gigantic  magnetoresistance  in  magnetic  multilayered  systems 

In  our  theoretical  work,  we  were  able  to  explain  the  origin  of  the  gigantic  magnetoresistance  in 
Fe/Cr  multilayers  as  due  to  spin  dependent  diffusive  scattering  at  the  Fe/Cr  interface.  We 
computed  the  conductivity  of  the  structure  through  the  use  of  the  Boltzmann  transport  equation.  In 
addition  to  obtaining  excellent  magnetic  field  dependent  results,  we  were  also  able  to  explain  how 
the  mr.gnitude  of  the  magnetoresistance  effect  depends  on  structure  (it  increases  as  the  number  of 
layers  is  increased)  and  on  temperature  (it  increases  by  a  factor  of  2  to  3  as  temperature  is 
decreased  from  room  temperature  to  liquid  helium  temperamre).  We  later  extended  our  earlier 
calculations  to  consider  the  possibility  of  spin-dependent  bulk  scattering  as  well  as  spin-dependent 
interface  scattering.  We  were  able  to  show  that  the  fundamental  contribution  to  the  gigantic 
magnetoresistivity  was  indeed  from  the  Fe/Cr  interface  scattering  as  previously  assumed.  We  also 
extended  our  earlier  calculations  to  include  finite  structures  of  the  form  (Fe/Cr)j^  /Fe  with  n  being 
the  number  of  repeats  of  the  Fe/Cr  unit  cell.  Including  both  bulk  and  interface  spin-dependent 
scattering  and  outer  surface  roughness  scattering  we  are  now  able  to  obtain  excellent  agreement 
between  theory  and  experiment 


Properties  of  ultra-thin  (few  atomic  layers)  magnetic  films 

We  studied  the  question  of  the  surprising  magnetic  thermal  stability  of  ultra-thin  films  by  two 
methods,  a  renomalization  group  method  and  classical  Monte  Carlo  simulations.  Both  methods 
showed  that  anisotropy  fields  would  stabilize  the  ferromagnetic  state  in  even  a  monolayer  thick 
film.  We  found  that  for  reasonable  anisotropy  values  the  change  in  the  transition  temperature  with 
thickness  is  quite  rapid,  with  the  ferromagnet  reaching  a  transition  temperature  which  is  90%  of  the 
bulk  value  by  the  time  one  has  only  6  atomic  layers.  We  also  developed  methods  for  linking  the 
spin- wave  equations  of  motion  (for  thin  film  and  multilayers)  to  a  transformation  that  casts  the 
original  Hamiltonian  into  diagonal  form.  Here  we  found  some  striking  results.  The  interesting 
configuration  is  one  where  the  film  has  an  easy  axis  normal  to  the  surface.  In  such  a  film 
application  of  a  magnetic  field  parallel  to  the  plane  of  the  film  will  tilt  that  magnetization,  and  at  a 
certain  critical  field  the  magnetization  just  touches  the  plane.  At  this  critical  field,  we  show  long 
range  order  in  the  film  must  vanish,  to  be  restored  when  the  field  is  increased  further  in  magnitude. 
This  result  is  unique  to  ultra-thin  films;  for  thick,  quasi  three  dimensional  films  the  singularity 
vanishes. 


Electromagnetic  properties  of  magnetic  and  semiconductor  multilayers  in  the 
infra-red. 

Here  we  studied  reflectance  of  infra-red  radiation  from  antiferromagnets  and  doped 
semiconductors.  In  the  presence  of  a  magnetic  field  both  materials  can  exhibit  nonreciprocal 
reflection.  In  the  past,  a  thermodynamic  argument  had  been  made  that  absorption  was  necessary 
for  nonreciprocal  reflection  to  occur.  This  earlier  calculation  only  considered  the  situattion  where 
the  incident  wave  and  the  outgoing  wave  had  the  same  polarization.  By  properly  generalizing  this 
argument  to  allow  for  mixing  of  polarizations  we  were  able  to  show  that  absorption  was  not 
necessary  for  nonreciprocal  reflection.  We  presented  explicit  calculations  supporting  this  general 
argument.  A  number  of  specific  examples  were  also  studied.  The  major  results  from  these 
examples  include  1)  surface  roughness  can  enhance  nonreciprocal  effects  by  enhancing  the 
coupling  of  the  external  waves  to  surface  waves;  2)  In  the  absence  of  absorption  both  circular  and 
linear  polarized  light  can  be  nonreciprocally  reflected,  but  the  frequency  region  where  this  occurs  is 
quite  narrow  for  linearly  polarized  light;  3)  The  reflectance  from  a  semiconductor  superlattice  can 
change  by  a  factor  of  2  when  the  magnetic  field  is  reversed. 


Tailoring  the  magnetic  properties  of  magnetic  multilayers 

Here  we  showed  that  the  competition  between  Zeeman  energy  and  exchange  energy  in  magnetic 
multilayers  could  lead  to  a  number  of  different  microscopic  magnetic  states.  One  can  “tune”  to  the 
different  states  by  application  of  a  small  magnetic  field.  These  states  have  different  macroscopic 
properties  such  as  static  susceptibility  and  magnetization  as  a  function  of  temperature,  and  we  can 
predict  (!)  this  behavior  as  a  function  of  temperature,  external  field  and  layering  pattern.  To  give 
some  examples  we  quote  from  a  recent  experimental  paper  (Phys.  Rev.  B  44,  7733  (91) )  which 
studied  an  Fe/Gd  system  which  we  had  treated  theoretically  much  earlier  (88-89).  “The  data 
presented  here  can  obviously  be  interpreted  on  the  basis  of  Camley  et  al  calculations.  The 
...magnetic  susceptibility...  is  maximum  at  ^nd  decreases  as  increases. 

This  important  result  is  in  accordance  with  the  theoretical  calculations  and  is  explained  by  the  large 
orientational  polarisability.  In  conclusion,  it  is  manifest  that  the  experimental  results  are  in  good 
agreement  with  theoretical  predictions:  i)  the  aligned  and  twisted  states  are  present,  ii)  there  is  a 
compensation  temperature,  iii)  the  susceptibility  is  the  largest  at  the  onset  of  the  twisted  state,  iv) 
the  critical  field  for  the  aligned-twisted  state  transition  goes  close  to  zero  at  the  compensation,  v) 
^critical  i'lcreases  when  the  thicknesses  of  the  layers  decreases.” 
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